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ABSTRACT 

Quillen et al and O'Dea et al carried out a Spitzer study of a sample of 62 brightest cluster galaxies (BCGs) 
from the ROSAT brightest cluster sample chosen based on their elevated Ha flux. We present Hubble Space 
Telescope Advanced Camera for Surveys (ACS) far ultraviolet (FUV) images of the Lya and continuum emis- 
sion of the luminous emission-line nebulae in 7 BCGs found to have an Infrared excess. We confirm that the 
BCGs are actively forming stars suggesting that the IR excess seen in these BCGs is indeed associated with 
star formation. Our observations are consistent with a scenario in which gas which cools from the ICM fuels 
the star formation. The FUV continuum emission extends over a region ~ 7 - 28 kpc (largest linear size) and 
even larger in Lya. The young stellar population required by the FUV observations would produce a significant 
fraction of the ionizing photons required to power the emission line nebulae. Star formation rates estimated 
from the FUV continuum range from ~ 3 to ~ 14 times lower than those estimated from the infrared, however 
both the B aimer decrement in the central few arcseconds and detection of CO in most of these galaxies imply 
that there are regions of high extinction that could have absorbed much of the FUV continuum. Analysis of 
archival VLA observations reveals compact radio sources in all seven BCGs and kpc scale jets in A 1835 and 
RXJ 2129+00. The four galaxies with archival deep Chandra observations exhibit asymmetric X-ray emission, 
the peaks of which are offset from the center of the BCG by ~ 10 kpc on average. A low feedback state for 
the AGN could allow increased condensation of the hot gas into the center of the galaxy and the feeding of star 
formation. 

Subject headings: galaxies: clusters — galaxies: active — stars formation 



1. INTRODUCTION 

The assembly of rich, X-ray luminous galaxy clusters is 
such that the largest baryonic mass fraction of the system is 
occupied by hot T ~ 10 7 - 10 8 K gas pervading the intraclus- 
ter medium (ICM). In the central regions (r < 10- 100 kpc) of 
many clusters, the time scale for this gas to cool to T < 10 4 K 
can be shorter than the cluster lifetime (e.g.JCowIe & Binnev 
[T^lFabian & Nulserifl977l:lEdge et al.lfl992h . giving rise to 
a subsonic, pressure-driven cooling flow that deposits mass 
onto the luminous and massive cD elliptical galaxy at the 
cluster center. "Cool core" clusters such as these often ex- 
hibit intense optical emission line nebulae associated with 
these central brightest cluster galaxi es (BC Gs). The nebulae 
exhibit extended Lya emission (Hu 1992) and far UV con- 
tinuum emission (lO'Dea et al.l 120041) . A previous study o f 
two BCGs, Abell 1795 and Abell 2597 (lO'Dea et al J 12004b . 
found that the nebula exhibited both a diffuse component of 
Lya and more compact features such as knots and filaments. 
The Lya emission was closely tied to the radio morphology 
suggesting that star formation and associated ionization was 
present at the edges of radio lobes. That work demonstrated 
how Lya and far-ultraviolet continuum observations provide 



unique constraints on the physical properties of the nebulae 
in clusters. The far-UV continuum together with optical and 
infrared observations constrain the star formation history and 
the properties of young stars associated with the nebula. The 
Lya to Ha or H/3 flux r atio is a diagnostic of ionization, metal 
and d ust content (Ferl and & Osterbrocklll985l : iBinette etaLl 
H993h . 

Previous optical and UV observations have found evi- 
dence for sig nificant star formation in some BCGs in cool 
core clusters (Johnstone & Fabian 1987; Romanishin 1987; 
IMcNamara & O'Connell 1989, 1993; McNama ra] |2004|; 
IMcNamara eTall 120041: iHul 119921 : [Crawfor d & Fabianl 
19931 : Hansen et alJ 11991; Ellen| [19951: iSmithetaLl 
1997; Cardiel et al. 1998; Hutchings & Balogh 2000; 
Oegerle et al.1 120011: iMittaz et alJ 120011: j O' Pea et ail 120041: 
Hicks & Mushotzkv 2005; Raffertv et al. 2006; Bildfell et al. 
20081: lLoubser et alJ [2009: Pioi no et alJ l2009h . Nearly all 



BCGs with young s tellar populations ar e in cooling flows 
(Bildfell et al. 2008; Loubser et al. 2009). However, some 
BCGs in cooling flows do not have s ignificant star formation 
(lOuillen et al.l 120081: lLoubser et all 120091) . Hence BCGs 
exhibiting elevated rates of star formation could be those 
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Table 1 

HST Observation Log 



Source RA Dec z kpc/ /x Line/Cont Filter 

Abellll 00:12:33.87 -16:28:07.7 0.151 2.60 Line F125LP 

Cont. F150LP 

Abell 1664 13:03:42.52 -24:14:43.8 0.128 2.26 Line F125LP 

Cont. F150LP 

Abell 1835 14:01:02.10 +02:52:42.8 0.253 3.91 Line F140LP 

Cont. F165LP 

ZWCL348 01:06:49.39 +01:03:22.7 0.254 3.92 Line F140LP 

Cont. F165LP 

ZWCL3146 10:23:39.62 +04:11:10.8 0.290 4.32 Line F140LP 

Cont. F165LP 

ZWCL8193 17:17:19.21 +42:26:59.9 0.175 2.94 Line F140LP 

Cont. F150LP 

RXJ 2129+00 21:29:39.96 +00:05:21.2 0.235 3.70 Line F140LP 

Cont. F165LP 



Note. — HST observations obtained under program 11230 (PI: O'Dea). The exposure time in 
each long pass filter was 1170s. Positions are given in degrees for epoch J2000 and are measured 
from radio source positions in archival VLA data at 8.5 or 5 GHz. See Table[2]for a summary of the 
archival radio images. 



experiencing a low level of feedback from the AGN. Evi- 
dence for residual cooling can be inferred from the reservoirs 
of cold gas found in BCGs. Alternatively, star formation 
could also be attribute d to stripping from a gas rich galaxy 
(Holtzma n et al.l [T9 96). Recent estimates of condensation 
and star formations rates show that in a few systems they are 
in near agreement (e.g., lO'Dea et all 120081) . Recent work 
suggests that star formation tends to occur w hen the central 
coolin g time drops b elow a critical value (Raffert v"et al.l 
2008; (Voit et al.l 120081: ICavagnolo efafl 12008b . In our study 
of 62 BCGs with the Spitzer IRAC and MIPS we found that 
about half of the BCGs in our sample showed evidence for 
mid-I R emission produced by star formation ( Ouille net al.l 
2008). The IR emission was typically unresolved by the 8 
arcsec (FWHM) PSF of MIPS at 24 /zm. 

I n this study we en large the sample of objects studied 
by IP' Pea et all (12004 to include more distant BCGs and 
those with higher star formation rates (estimated in the IR). 
Brightest cluster galaxies with high Ha luminosities were 
chosen from the R QSAT Brightest Cluster Sample (BCS, 
Ebeling et al. 1998). Their Ha luminosities are in the range 
10 42 -10 43 erg s -1 . These g alaxies have been observed with 
the Sp itzer Space Telescope ( Ou illen et al.ll2008 l ; lO'Dea et"aT1 
2008). The FUV H ST observations presented here allow us to 
confirm that on-going star formation is present in the BCGs 
and to determine its spatial scale and morphology (subject to 
dust extinction). Throughout this paper we use Ho = 71 km 
s" 1 Mpc" 1 , Q M = 0.27, and ^ A = 0.73. 

2. OBSERVATIONS 

2. 1 . FUV continuum and Lya images 

Observations were obtained with the Solar Blind Channel 
(SBC) MAMA detector of th e Advanced Camera for Surveys 
(ACS) (Clam pmet al.l l2004) on the Hubble Space Telescope 
(HST) during cycle 11 (program 11230, PI: O'Dea). Each 
galaxy was observed in two long pass filters, the one contain- 
ing the Lya line, the other redward of this line to measure 
the continuum. The F140LP filter containing the Lya line 
was used for all galaxies except the nearer BCGs, Abell 1 1 
and Abell 1664, which were observed using the F125LP fil- 
ter. The continuum filter chosen was F140LP for objects with 
redshift z < 0.11 , F150LP for objects with redshift 0.11 < 



z < 0.19 (ZWCL8193, Abell 11, and Abell 1664) and the 
F165LP filter for the remaining objects with 0.19 < z < 0.31 
(Abell 1835, ZWCL348, RXJ 2129+00, ZWCL3146). Ob- 
servations were obtained using a 3 point position dither. The 
exposure time in each filter was 1 170s so that the observations 
in the two filters was approximately one HST orbit per galaxy. 
Observations were taken between March 2008 and February 
2009. The long pass filters, F125LP, F140LP, F150LP, and 
F165LP, have pivot wavelengths of 1438, 1527, 1611 and 
1758 A, respectively, and similar maximum wavelengths of 
2000 A but minimum or cut-off wavelengths of 1250, 1370, 
1470 and 1650 A respectively. The pixel scale for the SBC 
is approximately 0. // 034 x 0.^030/pixel. The camera field of 
view is 34."6 x 30."8. These FUV observations are summa- 
rized in Table [T] 

The ACS/SBC images were reduced with the ACS calibra- 
tion pipeline producing calibrated drizzled images. Contin- 
uum images were shifted to the position of the line images 
and subtracted from the line images after multiplication by an 
adjusted corrective factor larger than 1 to take into account 
the additional continuum photons present in the line images. 
Our procedure was to increase the correction factor until re- 
gions of the image became negative. FUV and continuum 
subtracted Lya images are shown in Figures 1-7. The fluxes 
of the continuum subtracted Lya are given in Table [3j 

2.2. Comparison images 

Observed at the same time were optical images with the 
WPFC2 camera on board HST using the broad band F606W 
filter for Abell 1664, ZWCL 8193 and RXJ 2129.6+0005. 
Visible broad band images observed with WFPC2 were avail- 
able from the Hubble Legacy Archive for the remaining galax- 
ies in either the F702W filter (Abell 1835) or the F606W filter 
(ZWCL 348, ZWCL 3 146, and Abell 11). The broad band op- 
tical images are shown for comparison in Figures 1-7. 

We have overlay ed 3/im continuum observations as con- 
tours in Figures 1-7 on the FUV continuum images. These 
images were taken with the IRAC ca mera on the Spitze r 
Space Telescope a nd are described by E ga rni et ail ([2006); 
lOuillen et al] (120081) . We find that the FUV and Lya emis- 
sion is located near the center of the brightest cluster galaxies 
as seen at 3/im. 
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Table 2 

VLA Archival Data 



Source Date ID v (GHz) Array CLEAN Beam (" x " @°) rms noise (/xJy) 

Abellll 6-Jun-1998 AB878 8.46 A/B 0.74 x 0.38@ 80.7 74 

6- Oct-2002 AL578 1.46 B/C 14.9 x 7.2 @-71.7 80 
Abelll664 14-Nov-1994 AE099 4.86 C 9.2 x 4.2 @ -24.7 100 
Abell 1835 23-Apr-1998 AT211 4.76 A 0.45 x 0.39 @ 30.0 47 
ZWCL348 28-May-1994 AK359 4.86 A/B 1.59 x 0.52 @ -72.2 66 
ZWCL3146 14-Nov-1994 AE099 4.86 C 4.61 x 4.42 @ 46.3 60 

29-Jan-1997 ACTST 4.86 A/B 1.52 x 0.47 @ -72.2 50 

ZWCL8193 15-Aug-1995 AM484 8.44 A 0.28 x 0.23 @ -83.1 180 

27-Jun-1997 AE110 4.86 C 4.29 x 3.75 @ -34.9 70 

RXJ 2129+00 12-Apr-1998 AE117 8.46 A 0.26 x 0.24 @ -15.0 50 

07- Jul-2002 AH788 4.86 B 1.28 x 1.20 @ 1.7 35 



Note. — The data for ZWCL 8193 has poor absolute flux density calibration. 



Chandra X-ray Observatory observations with the (Ad- 
vanced CCD Imaging Spectrometer (ACIS) were available 
from the archive for four of the galaxies; Abell 1664, Abell 
1835, ZWCL 3146, and RXJ 2129+00. Exposure times are 
11, 22, 49, and 12 ks respectively. The event files were binned 
to 1 "pixels and the resulting images smoothed with the ciao 
adaptive smoothing routine csmooth using the algorithm by 
lEbeling et al.l (120061) . Constant surface brightnes s X-r ay con- 
tours are shown for these four galaxies in Figures [2l3l l5l and 171 
overlay ed on the continuum subtracted Lya images. 

Where available, we selected high resolution VLA observa- 
tions from the NRAO archive. For some sources we chose an 
additional data set in order to obtain a complementary lower 
resolution image. The NRAO AIPS package was used for the 
calibration, imaging, self-calibration, and deconvolution. The 
properties of the final images are given in Table [2] We de- 
tected a faint point source in all the BCGs. The flux densities 
of the point sources are given in Table HI These high resolu- 
tion observations are not sensitive to very diffuse emission. 

Figures 1-7 have been centered at the location of the cen- 
tral radio sources as measured from VLA archival data at 5 
or 8.5 GHz (with positions listed in Table [T]). Coordinate er- 
rors measured from HST, Spitzer Space Telescope and ACIS 
Chandra X-ray Observatory observations are of order an arc- 
second. The FUV and Lya images lack point sources that 
could be used to register the images at sub-arcsecond scales. 

3. RESULTS 

3.1. UV Morphology 

We find that all 7 galaxies observed display extended emis- 
sion in both FUV continuum and Lya emission. The FUV 
conti nuum is patchy, as was true for Abell 1795 and Abell 
2597 (lO'Dea et al.l2004l) . As discussed in that work, the FUV 
continuum is likely associated with young stars in star clus- 
ters. The Lya morphology contains both clumps and a more 
diffuse or filamentary component. The diffuse component 
in seen in Lya but not in the FUV continuum, e.g., ZWCL 
8193 (Figure P>. Di ffuse or filamentary Lya was also seen by 
lO'Dea et al.1 ([2004) in Abell 1795 and Abell 2597. The as- 
sociation between the Lya and FUV continuum implies that 
the FUV continuum contributes to the ionization of the Lya 
emitting gas. 

All our BCGs display asymmetry in the FUV emission. In 
Abell 1 1 , the FUV continuum and Lya emission is arranged 
in an extended clump cospatial with the visible nucleus, with 
a more diffuse component about 2" west of the nucleus (also 
seen in the optical image). The main clump of emission 



is slightly offset from the center of the Spitzer IRAC 3/im 
isophotes (see Figure [T]). In Abell 1664, three large clumps 
of FUV and Lya trace the disturbed morphology of the host 
galaxy as observed in the optical. Additionally, there is a low 
surface brightness filament of Lya emission extending ~ 25 
kpc to the south of the three bright clumps. This filament is 
not associated with any optical counterpart in the WFPC2 im- 
age or any FUV continuum emission. The 3/im peak, cospa- 
tial with the galaxy's nucleus, is also cospatial with the dust 
lanes in the optic al image (see Figure [3. Abell 1835 has also 
been observed by Bildf ell et alJ ([2008) who measure a size for 
the blue star forming region of 19 ± 2 kpc, which is in good 
agreement with our measurement of ~ 17 kpc for the size of 
the Lya emission (Table [3]). In Abell 1835 the 3/im contours 
are also not centered on the brightest regions seen the FUV, 
Lya or visible band images (see Figure [3]). For ZWCL 348 
the visible and 3/im emission peaks are nearly centered and 
the FUV emission peaks on the center of the galaxy. However 
the visible band image shows that the galaxy is disturbed and 
the outer contours seen at 3/im are not round (see Figure [4]). 
The Lya emission extends eastwards from the nucleus much 
further than to the west. In ZWCL 3146 the FUV and Lya 
emission are centered on the 3/im contours (see FigureQ. For 
ZWCL 8193 there is a nuclear bulge in the optical and 3/im 
images. However FUV and Lya emission is brighter north of 
the nucleus, and has a spiral shape suggesting that a smaller 
galaxy has been recently disrupted in the outskirts of the BCG 
(see Figure [6]). The host galaxy is an elliptical in a rich envi- 
ronment with several nearby dwarf satellites. The disturbed 
morphology of the host galaxy is suggestive of a recent or on- 
going series of minor mergers. RXJ 2129+00 displays Lya 
emission which extends on only the north-eastern side of the 
galaxy. The offset between radio and Lya peaks is small and 
so may be due to a registration error in the HST image (see 
Figure [7]). 

3.1.1. "dumpiness " of FUV emission 

We find that most of these BCGs display strong asymme- 
tries or uneven distributions in their star formation as seen 
from the FUV continuum images (see Fig. 0. For these 
galaxies, T'corresponds to 2-4 kpc (see Table Q]) thus these 
asymmetries are on a scale of order 10-50 kpc. On smaller 
scales, the FUV morphology is generally more clumpy and 
filamentary than is the associated Ly-alpha component. For 
the purposes of this paper, we qualitatively define a "clump" 
as a compact region of emission a factor of ~ 2 brighter 
than the surrounding lower surface brightness diffuse com- 
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Table 3 

Lya & FUV Continuum Properties 





Aperture Radius 


Cont. Sub. Lya Flux 


FUV Flux 


L.A.S. Lya 


L.A.S. FUV 




Source 


(") 


(1(T 14 erg cm- 2 s" 1 ) 


(10- 14 erg cm" 2 s" 1 ) 


arcsec (kpc) 


arcsec (kpc) 


Morphology 


Abell 11 


2.0 


8.8±0.3 


18.9±0.2 


5.5 (14.5) 


4.5(11.7) 


Lopsided, clumpy FUV, similar Lya 


Abell 1664 


3.0 


7.7±0.4 


39.8±0.2 


18.0 (40.7) 


12.2 (27.6) 


Very clumpy & patchy, long filament to S 


Abell 1835 


2.0 


14.4±0.3 


22.9±0.2 


4.3 (17.0) 


3.8(14.8) 


Symmetric "core", outer filaments 


ZWCL 348 


2.0 


9.9±0.3 


11.8±0.3 


6.4 (24.8) 


3.3 (12.9) 


Clumpy, patchy, lopsided 


ZWCL3146 


3.0 


9.3±0.3 


17.7±0.2 


6.5 (28.1) 


5.1 (22.0) 


More symmetric, diffuse 


ZWCL 8193 


2.0 


6.3±0.4 


42.8±0.2 


10.8(31.8) 


8.8 (25.8) 


Clumpy, filamentary, lopsided 


RXJ 2129+00 


2.0 


1.9±0.7 


2.1±0.7 


4.1 (15.3) 


2.0 (7.4) 


Lya lopsided "shell", FUV faint 



Note. — Fluxes were measured using aperture photometry and an aperture that covers the bulk of the emission visible in Figures 1-7. Errors are from count rate statistics. In 
general, the morphologies of the Lya and FUV continuum emission were generally similar (unless otherwise noted), and the FUV emission typically spanned a slightly smaller linear 
extent than did the Lyo; as it is less diffuse and extended. See the associated discussion in Section 3. 



ponent. Abell 11, 1664, ZWCL 8193, and RXJ 2129+00 
may be described as "clump-dominated", in which the ma- 
jority (> 50%) of the FUV flux is associated with compact 
(< 2 kpc) bright clumps. For example, the majority of FUV 
emission in Abell 1 1 is associated with three bright clumps, 
the largest of which (the northern-most clump) extends ~ 0.6 
kpc. The three bright clumps together contribute >~ 60% of 
the total FUV flux from the source. The FUV morphology of 
RXJ 2129+00 is almost entirely associated with three small 
(~ 0.5 kpc) clumps, and appears to lack a diffuse component. 
For Abell 1835, ZWCL 348, and ZWCL 3146, the distinction 
between clumpy FUV emission and the diffuse component is 
less clear, and the flux seems to more gradually peak toward 
the center than, for example, ZWCL 8193. Note also that 
these galaxies are vastly more symmetric on > 20 kpc scales 
than are the "clump-dominated" BCGs. 

The high star formation rates of the galaxies studied here 
compared to others in the ROSAT BCG sample may be re- 
lated to the large scale X-ray structure. We will discuss this 
in more detail later. Comparisons between Lya and existing 
Ha images (not shown) suggest that there are large variations 
in emission line ratio. This can be explained either by patchy 
e xtinction or with s hocks, affecting the intrinsic line ratios. 

iMcNamaral (|1997|) classified the morphology of star form- 
ing regions in cooling core BCGs (studied using mainly 
ground based optical obser vations) into four c lasses - point, 
disk, lobe, and amorphous. McNamara (1997) noted that the 
disks were very rare and that the amorphous morphologies 
are the most common. All of the seven BCGs studied here 
fall in the amorphous class. Why are disks so rare? We note 
that the star formation occurs over a large spatial scale (7- 
28 kpc). One possibility is that the stars form before the gas 
can collapse into a disk. In addition, studies of the kinemat- 
ics of the optical emission line nebulae in cool core BCGs 
find that the gas motions are mostly turbulent with very lit- 
tle or ganized rotation (e.g .,[Heckman et al.lfl98 9: Bau m et ail 
H99llWilman et al.ll2006ll2009h . Thus, the lack of star form- 
ing disks may reflect the lack of systematic rotation in the star 
forming gas. 

i 

3.1.2. Radio Emission 

We detect a compact radio point source in all seven of the 
BCGs. In ZWCL 8193 the radio point source is 3 arcsec from 
the center of the BCG at the location of FUV-bright debris 
features and may be associated with a merging galaxy (Figure 
0). The flux densities and spectral indexes of the unresolved 
emission are given in Table |4] We find that the spectral in- 



dexes of the point sources are steep. This suggests that the 
point sources are not flat spectrum parsec scale beamed jets, 
but are possibly extend ed on at least tens of parsec scales. 
We also include FIRST dBecker et al.lll995|) flux densities and 
NVSS (ICondon et al.ll 99 8|) flux densities and powers in Table 
ffl The FIRST (~ 5 arcsec) and NVSS (~ 45 arcsec) flux den- 
sities are in good agreement indicating that there is very little 
additional flux density on scales between 5 and 45 arcsec. The 
mean value of the NVSS log powers for the seven BCGs is log 
V v = 24.33; while A1795 is log V v = 24.87 and A2597 is log 
V v = 25.42. The radi o powers for the seven BCGs are typica l 
for our sample of 62 (lOuillen et alJl200aiQ 7 DeaetaD l2008). 

We detect faint jets in RXJ 2129+00 and Abell 1835. In 
RXJ 2129+00 the jet extends about 1 arcsec to the SE of the 
core and has a flux density of 1.9 mJy at 8.46 GHz. The jet in 
Abell 1835 has a total extent of about 1.5 arcsec, and seems to 
start initially oriented to the West but then curves toward the 
NW. The jet flux density is 2.3 mJy at 4.76 GHz. For these 
two we have overlayed radio contours on the images show- 
ing Lya emission so the orientation of the radio emission can 
be seen. In neither galaxy are the radio jets clearly associ- 
ated with Lya emission or lying near emitting filaments as 
was true for the ne arer galaxies Abell 1795 and Abell 2597 
(|Q'Dea et al.ll2004|) . We suggest that the more powerful radio 
sources in Abell 1795 and 2597 are able to trigger star for- 
mation in their environments, while the weaker radio sources 
studied here are not. The lack of FUV emission aligned with 
the radio jet indicates that scattered AGN light (which would 
b e aligned with t he jet) does not contribute significantly. 

iGovoni et al. I (|2009|) have found a faint, diffuse "mini- 
halo" around the BCG in A1835 which extends for several 
hundred kpc. The diffuse radio emission suggests that the 
AGN was much more active in the past and/or that Al 8 35 has 
experienced a cluster merger fe.g. jMurgia et al. 1 12009). 

3.1.3. X-ray Morphology 

Here we discuss the X-ray structure and its relation to the 
BCG in the four sources for which we have X-ray imag- 
ing. For Abell 1664, the outer 3/im isophotes extend to 
the south-west where there is excess X-ray emission (see 
Figure 13 . The asymmetr i c X-r ay morphology was also 
noted by iKirkpatrick et all (120091) . Abell 1835 also dis- 
plays asymmetric X-ray struct ure (see Figure [51 and also 
ISchmidt. Allen & Fabian 1 1200 lb . Though the FUV and Lya 
emission are centered on the 3//m contours in ZWCL 3146, 
again the X-ray emission is lopsided, extending south-east of 
the nucleus (see Figure [5]). RXJ 2129+00 also displays asym- 
metric X-ray emission contours extending to the south-west 
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Table 4 

Radio Properties of the Unresolved Emission 



Source 


R.A. 


Dec. i 


!/ (GHz) S u (mJy) 


a FIRST S u (mJy) 


NVSS S u (mJy) 


NVSS log P u (W Hz 


Abell 11 


00:12:33.87 


-16:28:07.7 


8.46 


21.3 


-0.79 




94.3 


24.66 








1.46 


85.6 










Abell 1664 


13:03:42.52 


-24:14:43.8 


4.86 


14.5 


-0.74 




36.4 


24.09 


Abell 1835 


14:01:02.10 


+02:52:42.8 


4.76 


11.2 


-0.84 


31.3 


39.3 


24.75 


ZWCL 348 


01:06:49.39 


+01 03 22.7 


4.86 


1.1 


-0.93 


3.5 


~ 1.4 


23.31 


ZWCL3146 


10:21:03.79 


+04 26 23.4 


4.86 


0.6 


-1.56 


-4.2 


7.1 


24.14 


ZWCL 8193^ 


17:17:19.21 


+42 26 59.9 


8.44 


64.8 


-0.58 


132.5 


133.5 


24.94 


RXJ 2129+00 


21:29:39.96 


+00:05:21.2 


4.86 
8.46 


89.2 
4.4 


-0.86 


24.3 


25.4 


24.48 



4.86 7.1 



Note. — Cols. 2 and 3. The right ascension and declination (J2000) of the unresolved radio source. Col 4. The frequency of observation. Col 5. The flux density 
of the point source in mJy. See Table[2]for details pertaining to these archival VLA observations. Col 6. The spectral index of the point source. We have used (1) the 
reprocessed archival data for Abell 11, ZWCL 8193 and RXJ 2129+00, (2) the reprocessed archival data and the FIRST flux densities for Abell 1835, ZWCL 348. 
and ZWCL 3146, and (3) the reprocessed archival data and the NVSS flux density for Abell 1664. The spectral index is defined such that S u oc v a . Col 7. The 
integrated flux density at 1.4 GHz from VLA FIRST i Becker et al. 1995). Col 8. The integrated flux density from NVSS (Condon etaljl998l) . Col 9. The power at 
1400 MHz in the rest frame of the source using the NVSS flux density. 

a The detected point source is 3 arcsec from the center of the BCG and is associated with apparent FUV bright debris features and thus may be 
associated with a merging galaxy. 



(see Figured). 

We find that the four BCGs with X-ray imaging display 
asymmetries i n the X-ray emiss ion with Abell 1664 previ- 
ously noted by Kirkpat rick et al.l (120091) . We also see offsets 
between the BCG and the peak in the X-ray emission for all 
sources, ranging from 5 kpc for RXJ 2129+00 to 13 kpc for 
Abell 1835, with a median offset of ~ 10 kpc for all four. 

In their study o f 48 X-ray luminous galaxy clusters, 
Bildfell et al. (2008) observed similar significant offsets be- 
tween the centroid of the brightest X-ray contour and 
that of the BCG. That work found a median offset of 
14 kpc in their sample (and an average of 44 kpc). 
Sand erson. Edge & Smith I (120091) found that line emitting 
BCGs all lie in clusters with an of fset of < 15 kpc in th eir 
sample of 65 X-ray selected clusters. ILoubser et alJ (l2009|) . in 
their sample of 49 optically selected BCGs, found even larger 
offsets on average (median 27 kpc, mean 53 kpc). The off- 
set of the BCG from the peak of the cluster X-ray emission 
is an indication of how close the cluster is to the dynam- 
ical equilibrium state, and decreases as the cluster evolves 
( Katayam a et al.l l2003|) . Our BCGs have offs ets which are 
below the median for op tically selected BCGs ((Bildfell et all 
2008: ILoubser et all |2Q09|) and are consistent with the trend 
for BCGs in cooling flows to have small offsets < 1 kpc 
dBildfell et all 120081: [S anderson . Edge & Smith I [2009) (but 
not seen by ILoubser et al. 2 009|) . 

3.1.4. Comparison to CO and Ha observations 

Emission from CO remained unresolved at a resolution 
of 6" for Abell 1835 and ZWCL 3146 (lEdge & Fraveri 
2003). The Spitzer MIPS observations of these BCGs did 
not spatially resol ve the 24 /im emission (OuillenetaD|2008; 
Egami et al. 2006). However, the IRAC observations of Abell 
1664 and ZWCL 8193 did resolve regions of very red color 
centered on the nu cleus with a size of a few arc seconds 
( Ouil len et al. 112008b . For comparison the point spread func- 
tion FWHM for IRAC camera is l."7 at 3 /im (IRAC band 1) 
and 2."2 at 8 /im (IRAC band 4) and for MIPS is 7"at 24 /im. 
Our //ST FUV continuum images show that the star formation 
regions in these galaxies extend over a range of roughly 2 to 
12 arcseconds, corresponding to 7-28 kpc (Table [3]). These 
sizes are consistent with the upper limits from the CO and 



Spitzer MIPS observations. 

Abell 16 64 has been o b served using integral field spec- 
troscopy by Wilm an et al.l (|2006|) in the Ha line. The con- 
tinuum subtracted Lya e mission image resemb les the Ha im- 
age shown as Figure 2 by I Wilman et a l. (2006), with a bright 
spot about 2" from the nucleus to the south west. The bright 
spot we see just north of the nucleus does correspond to an 
Ha emission feature. However the Ly emission is brighter 
north west of the nucleus rather than north east of the nucleus 
as is true in Ha. It is likely that a more detailed compari- 
son will reveal a large variation in Lya to Ha ratio suggesting 
either large variations in extinction or shock emission as pho- 
toionization mo dels to predict a narrower range o f intrinsic 
emission ratios (Ferland & Osterbrock 1985, 1986). 

In A 1835, the Ha and Lya are both elongated along a NW- 
SE direction (Figure [3j We also see a dust lane along that 
orientation in the WFP C2 F702W i mage. The Ha integral 
field spectroscopy by Wil man et al.l (|2006|) shows a velocity 
shear of ~ 250 km s -1 along that direction which they suggest 
may be due to rotation 

IWilman et all (120061) also observed ZWCL 8193 and de- 
tected Ha emission at the galaxy center and in two clumps 
about 3 "north of the galaxy (see their Figure 17). Their Ha 
emission more closely resembles our FUV continuum image, 
though the Ha emission is stronger near the galaxy than north 
of the galaxy and we see stronger continuum emission north 
of the galaxy than near the galaxy center. The Ha kinematics 
are complex. Our Lya image shows diffuse emission over a 
region that is about twice the area than the Ha emission. The 
Lya emission exhibits a tail curving to the east from the north 
and almost looks like a spiral galaxy. 

3.2. Estimated Star Formation Rates 

iPipino et al.l (120091) used optical and NUV colors of BCGs 
to demonstrate that the UV light is produced by a young rather 
than old stellar population. We use the FUV continuum flux to 
estimate star formation rates in these galaxies. The continuum 
flux was first corrected for Galactic extinction. Extinction cor- 
rection was done using Galactic exti nction at the positio n of 
each BCG and th e extinction law by lCardelli et alld 19891) (as 
done in Table 5 bv lO'Dea et al.l2004l for Abell 1795 and Abell 
2597). We then compared the count rate predicted for the 
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Table 5 

Star Formation & Cluster Properties 





M(H 2 ) 


SFR IR 


SFR H a 


SFRpuv 


B aimer Dec 


Central Entropy 


Central Cooling Time 


Source 


(1O 1O M yr 1 ) 


(M© yr 1 ) 


(M© yr" 1 ) 


(M© yr" 1 ) 


(F [Ha/H0\) 


(KeV cm 2 ) 


(Gyr) 


Abell 11 


1.1 


35 


9.7 


4.8 








Abell 1664 


1.9 


15 


5.6 


4.6 


5.2 


14.40 


0.81 


Abell 1835 


7.9 


125 


40.5 


11.7 


5 


11.44 


0.58 


ZWCL 348 




52 


15.5 


6.1 


4.27 






ZWCL3146 


7.0 


67 


47.1 


12.4 


3.7 


11.42 


0.59 


ZWCL 8193 


1.5 


59 


7.6 


5.4 


5.9 






RXJ 2129+00 




13 


2.3 


0.9 


>2 


21.14 


0.82 



Note. — Infrared estimated star formation rates are by O'Dea et al. (2008) except for Abell 1835 and ZWCL 3146 which are by Egami et al. 12006). 
These star formation rates are estimated from the 8 and 24 /im fluxes iQuillen et al. 2008). Molecular gas mass estimates for Abell 11, Abell 1665, Abell 
1835, and ZWCL 3146. by Edge 1 2001), but corrected to a Hubble constant of 75 Mpc -1 km s" 1 . The ZWCL 8193 molecular mass is by Salome & Combesl 
[20031) . Note ZWCL 3146 also contains about 10 10 M q of warm molecular hydrogen i Egami et al. 2006). Star formation rates are estimated from the 
limited-aperture observations by Crawford et al. 1 1999) (long slit of width l'.'3) excepting for ZWCL 348 which used the H a flux from the Sloan Digital 
Sky Survey archive (and a 3" diameter fiber). The central entropies and cooling times of the clusters are given by Cavagnolo et al. (2009). Neither the Ho; 
or UV based star formation rate estimates have been corrected for internal extinction. 



observed filter by the STSDAS synthetic photometry pack- 
age synphot for a spectrum produced by STA RBURST99Q] 
(iLeitherer et al.lll999tlVazquez & Leithereril2005l) . 

The UV continuum estimated star formation rates are listed 
in Table We compare the UV continuum estimated star for- 
matio n with those based on the limited aperture Ha fluxes 
by ICrawford et al] (119991) (using l."3 wide slit) or spec- 
troscopic measurements from the Sloan Digital Sky Sur- 
vey archive (using a 3 "diameter fiber) and those estimated 
from infrared observatio ns with the Sp i tzer Sp a ce Telescope 
byjEgami et ail (120061) : lOuillen et al] (120081) : lO'Dea etal.1 
(2008). Neither the UV continuum estimated or Ha esti- 
mated star formation rates have been corrected for in ternal 
extinc ti on. This Table also lists m olecular gas masses by Edge 
d200lT) : lSalome & Combesl d2003h . 

B aimer decrements are available for mos t of the galax- 
ies co nsidered here and range from ~ 3 -5 (Crawfor d et al] 
[19991) . see Table 5. Assuming an intrinsic Ha/H/3 theoretica l 
line ratio of 2.86 ("case B" recombination, Osterbrock 1989), 
the observed B aimer decrement allows us to estimate the color 
excess associated with the intern al extinction in the s ource, 
following the parameterization of Cardelli et al] (119891) : 



E(B-V) Ua/Hf3 - 



2.5 x log (2.86//?, 



obs ) 



k(\ a )-k(\p) 



(1) 



where 7? obs = F (Ha) / F (H/3) is the observed flux ratio, 
and the extinction curves at Ha and H/3 wavelengths are 
k(\ a ) ~ 2.63 and k (A^) « 3.71, respectively, as given by 
ICardelli et al] (119891) . One caveat is that if processes other 
than recombination (e.g., shocks, cosmic ray heating) con- 
tribute to Ha, the intrinsic Ha/H/3 ratio would be higher than 
the theoretical "Case B" value and the estimated extinctions 
would be upper limits. With this possibility in mind, the 
upper-limit intrinsic optical extinction is E(B-V) ~ 0.6 for 
a B aimer decrement of 5, corresponding to an extinction in 
the FUV of Apuv ~ 5.5 and therefore a correction factor of 
160 to the measured flux. 

We note from Table \5\ that IR star formation rates exceed 
those estimated in Ha and these exceed those estimated from 
the FUV continuum. This would be consistent with patchy 
but significant levels of extinction. The correction factor es- 
timated for the UV photometry of 160 for a B aimer decre- 

1 http ://www. stsci.edu/science/ starburst99/ 



ment of 5 is vastly higher than that required to make up 
the deficit of star formation rates estimated between the UV 
and (e.g.) the IR. Large levels of extinction are also likely 
because of the high molecular gas content in these galax- 
ies and the dust lanes s een in the optical images. Previ- 
ous comparisons by |Hu| (Q~992) between Ha and Lya flux 
suggested modest extinctions intrinsic to the cluster of order 
E(B-V) w 0.09-0.25. This was done assuming an unab- 
sorbed Lya/Ha ratio of 13 for photo ionization and collision 
models (iFerland & Qsterbrocklfl986h . However the BCGs 
considered by |Hu| (119921) were not chosen via their Ha lu- 
minosity. As Ha luminosity is correl ated with both mo lecu- 
lar gas mass and infrared luminosity (O' Dea et aLll2008[) is it 
perhaps not surprising that the sample considered here would 
have higher est imate d internal extinctions than the same con- 
sidered bv lHul([T992h . 

In short, FUV estimated star formation rates range from ~ 3 
to ~ 14 times lower than those estimated from the Spitzer ob- 
servations. B aimer decrements and molecular gas observa- 
tions suggest that internal extinction could be extremely high 
in some regions. The discrepancy between the estimated star 
formation rates and the internal extinction correction factor 
from the B aimer decrement suggest that internal extinction is 
patchy. As the infrared estimated star formation rate is least 
sensitive to extinction, it can be considered the most accurate, 
and suggests that about 90% of the FUV continuum has been 
absorbed. When taking patchy extinction into account, the 
discrepancy between star formation rates estimated at differ- 
ent wavelengths may be reconciled. Moreover, even when ac- 
counting for internal extinction, a one-to-one correspondence 
between star formation rates measured in the UV and IR are 
not necessarily expected, as the associated star formation in- 
dicators in those wavelength regimes may probe differe nt as- 
p ects of the sta r form ing region (e.g.. I Johnson et al.l l2007). 

lO'Dea etal.1 d2008l) found that in gas-rich star forming 
BCGs the nominal gas depletion time scale is about 1 Gyr. 
Since star formation is not highly efficient, it seems likely that 
1 Gyr is an u pper l imit to the life time of the star formation. 
Pipin o et ail (|2009) suggest that the star formation in BCGs 
is relative recent with ages less than 200 Myr. Thus, a typi- 
cal star formation rate of 50 M yr -1 would result in a total 
mass of less than 10 10 M© whic h is a small fraction of the 
total stellar mass in a BCG (e.g.Jvon der Linden et al.| [2007) 
as also noted by, e.g.JPipino et all (|2009|) . 

lO'Dea et"aTI (l2008h noticed a discrepancy between the in- 
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frared estimated star formation rates and the size of the star 
forming regions. Here we have confirmed that the star form- 
ing regions are not large and remain under 30 kpc. This puts 
the g alaxies somewhat off the Kennicutt re lation {Kennicutt 
1998) but (as shown bv lO'Dea etaLl 120081 in their Figure 8) 
only by a modest factor of a few. While we confirm the dis- 
crepancy we find that it is small enough that it could be ex- 
plained by other systematic effects such as an overestimate of 
the H2 mass. The CO to H2 conversion factor is suspecte d 
to be uncertain by a factor of a few (e.g., Ilsrael et aTl [2006). 
Thus, there may be no significant discrepancy between the 
size of the star forming regions as measured in the FUV and 
that predicted with the Kennicutt relation. 

3.3. Is the young stellar population sufficient to ionize the 
nebula ? 

The fact that the Lya morphology closely traces that of the 
underlying FUV continuum emission suggests that the lat- 
ter provides at least a significant fraction of ionizing photons 
for the former, and that the nebula is ionized locally. Here 
we explore this argument more quantitatively, in considering 
whether the observed FUV continuum is consistent with a suf- 
ficient number of hot stars required to ionize the nebula. This 
qu estion can be a ddressed using simple arguments outlined 
by Zanstr al (119311) and employed in similar c ontexts by (e.g., 
Baum & Heck manlll9"89l: 10' Pea et al. 1 120041). We assume a 
case B recombination scenario (Osterbrock 1989), in which 
the medium is optically thin to B aimer photons but optically 
thick to Lyman photons, and that in 10 4 K gas, ~ 45% of all 
B aimer photons will emerge from the nebula as Ha photons. 
We further assume that all ionizing photons that are emitted 
by the stars are absorbed by the gas. This makes our estimate 
a rough lower limit, as in reality, a significant fraction of ion- 
izing photons will escape, increasing the number of required 
stars. 

Given these assumptions, the number of ionizing photons 
required to power the nebula i s can be estim ated via its ob- 
served Ha luminosity using the Zanstral (1 1 93 1|) method, which 
relates the emission-line luminosity to Q tot , the total number 
of photons with energies greater than 13.6 eV needed, per sec- 
ond, to ionize the nebula: 

Gtot = 2 f Ltto photons s" 1 (2) 

where Lu a is the total nebular Ha luminosity, h is Planck's 
constant, v a is the frequency of the Ha line, and 2.2 is the 
inverse of the 0.45 B aimer photon to Ha photon ratio assumed 
above. 

For each galaxy in our sample (save Abell 1 1 , for which we 
do not have an Ha luminosity) we have calculated this value 
and scaled it in terms of a required star formation rate as pre- 
dicted by the same STARBURST99 models used to calculate 
the star formation rates based on the FUV continuum. We 
present these results in Table [6] In every case the ratio of the 
observed star formation rate to that required by the Zanstra 
method is of order unity, suggesting that the FUV contin- 
uum provides a significant fraction of ionizing photons for 
the nebula. Note that it is likely that stellar photoionization 
is not the only source o f energy for cooling flow nebula (e.g., 
IVoit & Donahue 1997). This result is consistent with the no- 
tion that the nebula is ionized locally by the young stars em- 
bedded within it, as supported by the similar morp hologies of 
the Lya emission and FUV continuum emission. O'De a etaLl 



( 2004) undertook a similar exercise in their study of the cool 
core clusters Abell 1795 and Abell 2597, finding that there 
were enough hot stars present to within a factor of a few. That 
work also estimated the degree to which a hidden quasar ion- 
izing continuum would contribute ionizing photons, finding 
that a modest AGN luminosity could contribute ~ 10% of 
what was required. 

4. DISCUSSION AND SUMMARY 

In this paper we have presented high angular resolution im- 
ages in FUV continuum and Lya of 7 BCGs selected on the 
basis of IR emission which suggested the presence of signif- 
icant star formation. We confirm that the BCGs are actively 
forming stars. This confirms that the IR excess seen in these 
BCGs is indeed associated with star formation. Our obser- 
vations are consistent with a scenario in whic h gas which 
cools from the ICM fuels the star formation (lO'Dea etaLl 
2008; iBildfell et al] 120081: lLoubser et all 120091: iPipino et al.1 
2009). The FUV continuum emission extends over a region 
~ 7 - 28 kpc (largest linear size) and even larger in Lya. Both 
continuum and line emission contains clumps and filaments, 
but the Lya emission also contains a diffuse component. 

Star formation rates estimated from the FUV continuum 
range from about 3 to 14 times lower than those estimated 
from the infrared. However, both the B aimer decrement in 
the central arcsec, the presence of dust lanes seen in the opti- 
cal images, and the detection of CO in these galaxies suggest 
that there are regions of dense gas and high extinction within 
the central 10-30 kpc. Thus, the lower star formation rates es- 
timated in the FUV are consistent with the expected internal 
extinction. 

We find that the young stellar population required by the 
FUV observations would produce a significant fraction of the 
ionizing photons required to power the emission line nebula. 

We find unresolved radio emission in each of the seven 
BCGs. In addition, Abell 1835 and RXJ 2129+00 also 
exhibit weak kpc scale jets. The unresolved radio emis- 
sion in ZWCL 8193 is offset from the center of the BCG 
by 3 arcsec and may be associated with a merging galaxy. 
These BCGs tend to have fairly compact (< 1 kpc), weak, 
steep spectrum radio structures. The hypothesis that the 
radio source are confined to the sub-kpc scale by dense 
gas (as originally suggested for GPS and CSS sources, 
e.g., Wilkinson et al. 1984; van Breugel, Heckman & Milev 
1984; lO'Dea. Bau m & Sta nghellini I 119911: lO'Dea I 119981) 
could be tested via VLBI observations. On the other hand, 
the radio properties could be explained if nuclear fueling has 
been reduced by a previous AGN activity cycle and we are 
now seeing the galaxies following a period of relative AGN 
quiescence. It is tempting to also account for the high star 
formation rate with a period of low feedback. Rapid cooling 
in the IGM fueling the current high star formation may be 
due to a previous reduct ion in energy deposited into the IGM. 
Kirkpatrick et al. ( 2009) find that cooling rates could be high 
enough to fuel the star formation in Abell 1664. Similar cool- 
ing rates ha ve been estimated f or most of the other galaxies in 
our sample (lO'Dea et al.ll2QQ8h . 

We note that there is FUV continuum and Lya emission in 
Abell 1795 and Abell 2597 which is closely associated with 
the radio sourc es - suggesting a c ontribution from jet induced 
star formation (lO'Dea et al .1120041) . However, the radio jets 
in Abell 1835 and RXJ 2129+00 show no relationship with 
the FUV emission. While both Abell 1795 and Abell 2597 
host star formation, it is at a lower level than estimated for 
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Table 6 

Can Hot Stars Ionize the Nebula? 





Ha Luminosity 


Qrequired 


SFR(Q requ i re( i) 




Source 
(1) 


(erg s _1 cm -2 ) 
(2) 


(photons s _1 ) 
(3) 


(M© yr" 1 ) 
(4) 


( SFR FUV \ 
^SFRfQreq^ed] J 

(5) 



2.17 
2.09 
0.94 
1.13 
0.58 
8.1 



Abellll 

Abelll664 6.38xl0 41 4.64xl0 53 2.12 

Abelll835 1.68xl0 42 1.22xl0 54 5.58 

ZWCL348 1.95 xlO 42 1.41 xlO 54 6.47 

ZWCL3146 3.29xl0 42 2.39xl0 54 1.10 

ZWCL8193 2.79 xlO 42 2.03 xlO 54 9.29 

RXJ 2129+00 3.33 xlO 40 2.42 xlO 52 1.11 



Note. — Results of a photon-counting exercise designed to determine whether there are sufficient 
hot stars present (giving rise to the underlying FUV continuum) to ionize the emission-line nebula. 
We have used the Zanstra (193 1) method relating the Ha emission line luminosity with the number of 
ionizing photons required to give rise to that luminosity, assuming all ionizing photons are absorbed 
in 10 4 K gas obeyin g a case B re combination scenario. (1) Source name; (2) Ha luminosities in 
erg s _1 cm -2 , from Crawford et al. 1 1999) excepting ZWCL 348, whose Ha luminosity is from the 
SDSS archive; (3) number of ionizing photons, per second, required to ionize the nebula, as estimated 
using the Zanstra (1931) method described in section 3.3; (4) star formation rate required to power 
the nebula, estimated by comparing Q req uired with a STARBURST99 model calculating the number 
of photons with energies greater than 13.6 eV for a 10 7 yr old starburst assuming a continuous star 
formation rate of 1 Mq yr -1 and an IMF with an upper mass cutoff of 100 Mq and slope a = 2.35; (5) 
Comparing the value calculated in column (4) with the "observed" star formation rate as estimated 
by comparing our FUV photometry with the same STARBURST99 model. A ratio greater than 1 
indicates that enough ionizing photons are present from the young stellar population to ionize the 
nebula. Obviously, there are significant uncertainties associated with these estimates. As such, this is 
meant only as an order-of-magnitude exercise. That the ratios are all of order unity indicates that the 
FUV emission due to the young stellar population is of sufficient strength to power the emission-line 
nebula. 



the 7 of our sample. In addition the 7 BCGs studied here 
are generally have less powerful radio sources than those in 
Abell 1795 and Abell 2597. The combination of higher SFR 
and lower radio power in our BCGs suggests that the radio 
sources have a smaller relative impact on the triggering and/or 
properties of the star formation and associated emission line 
nebulae. Further, the lack of FUV emission aligned with the 
radio jets indicates that the contribution from scattered AGN 
light is small. 

We have also noted that most of our galaxies exhibit asym- 
metries in their distribution of star formation and 4 of them 
show lopsided X-ray contours. Feedback from an AGN (jets 
and bubbles) would not be expected to push the X-ray emit- 
ting gas off-center. However disturbances in the IGM could 
lead to higher cooling rates in the gas as the cluster relax es 
and slowly evolves to equilibrium (e.g. jRussell et al. 2010). 
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Figure 1. Abell 11. (upper left) HST WFPC2 F606W optical image. Note the dust lane, (upper right) HST SBC FUV continuum image with 3 /mi Spitzer IRAC 
band 1 contours overlayed. Contour separation is a factor of two in surface brightness, (bottom) Continuum subtracted HST SBC Lya image of Abell 11. The 
white cross marks the position of the unresolved VLA radio source (Table|4j. . At the redshift of Abell 11 (z = 0.151), 1 "corresponds ~ 2.6 kpc. 
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Figure 2. Abell 1664. (upper left) HST WFPC2 F606W optical image of Abell 1664. Note the dust lane, (upper right) HST SBC FUV continuum image with 
3/im Spitzer IRAC band 1 contours overlayed. Contour separation is a factor of two in surface brightness, (lower left) Continuum subtracted HST SBC Lya 
image of Abell 1664. The white cross marks the position of the unresolved VLA radio source (Table |4j. (lower right) Continuum subtracted hya image with 
CXO X-ray contours. The peak of the Lya emission is cospatial with that of the X-ray emission, although a second peak in the X-ray is detected to the southwest 
where there is a deficit of Lya. At the redshift of Abell 1664 (z = 0.128), \" corresponds ~ 2.3 kpc. 
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Figure 3. Abell 1835. (upper left) HST WFPC2 tf-band (F702W) image of Abell 1835. Note the dust lane, (upper right) HST SBC FUV continuum image 
overlayed with Spitzer IRAC 3/j,m contours, (lower left) Continuum subtracted HST Lya image of Abell 1835 (gray scale) with 5 GHz VLA radio contours. 
There is no obvious relation between the Lya and the radio jet. (lower right) Continuum subtracted Lya image with Chandra X-ray contours. As in Abell 1664, 
the two peaks in X-ray emission are offset from the peak in the Lya emission. At the redshift of Abell 1835 (z = 0.253), 1 "corresponds to ~ 4 kpc. 
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Figure 4. ZWCL 348. (upper left) optical HST WFPC2 F606W image of ZWCL 348. Note the dust lane, (upper right) FUV HST SBC continuum image 
overlayed with 3 /mi contours, (bottom) Continuum subtracted HST SBC Lya image of ZWCL 348. The white cross marks the position of the unresolved VLA 
radio source (TablegJ. At the redshift of ZWCL 348 (z = 0.254), 1 "corresponds to ~ 4 kpc. 
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Figure 5. ZWCL 3146. (upper left) Opitcal HST WFPC2 F606W image of ZWCL 3146. (upper right) HST SBC FUV continuum image overlayed with 3/xm 
contours, (lower left) Continuum subtracted HST SBC hya image of ZWCL 3146. The white cross marks the position of the unresolved VLA radio source (Table 
[4j. (lower right) Continuum subtracted Lya image with X-ray contours. Note the asymmetry in the X-ray emission. At the redshift of ZWCL 3146 (z = 0.290), 
I" corresponds to ~ 4.3 kpc. 
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Figure 6. ZWCL 8193. (upper left) HST WFPC2 F606W image of ZWCL 8193. Note the dust lane, (upper right) HST SBC FUV continuum image overlayed 
with 3/im contours, (bottom) Continuum subtracted HST SBC Lya image of ZWCL 8193. The Lya fillament has a spiral appearance. The white cross marks 
the position of the unresolved VLA radio source (Table|4j. At the redshift of ZWCL 8193 (z = 0.175), 1 "corresponds to ~ 3 kpc. 
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Figure 7. RXJ 2129+00. (upper left) Optical HST WFPC2 F606W image of RXJ 2129+00. (upper right) HST SBC FUV continuum image overlayed with 3/xm 
contours, (lower left) Continuum subtracted HST Ly a image of RXJ 2129+00 overlayed with 8 GHz VLA radio contours, (lower right) Continuum subtracted 
Lya image with X-ray contours. At the redshift of RXJ 2129+00 (z = 0.235), 1 "corresponds to ~ 3.7 kpc. 




Continuum Subtracted Lyman Alpha FUV Continuum 

Figure 8. Comparison of continuum- subtracted Lya and FUV continuum images for ZWCL 8193. In general, the Lya is more diffuse, extended, and smoothly 
distributed than is the underlying FUV continuum, which is more tightly arranged in clumpy and filamentary morphologies. The FUV continuum likely traces 
localized sites of star formation, which in turn photoionizes the smoother and more extended Lya halos. 
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Figure 9. HST/ ACS FUV images of the BCGs in our sample. Many exhibit clumpy and filamentary morphologies on < 10 kpc scales and general asymmetries 
on > 20 kpc scales. Abell 11, 1664, ZWCL 8193, and RXJ 2129+00 may be described as "clump-dominated", in which the majority (> 50%) of the FUV flux is 
associated with compact bright clumps (as opposed to the lower surface brightness diffuse component). East is left, North is up. 



